Introduction
Phosphoglycerate kinase (PGK) deficiency is a rare cause of congenital hemolytic anemia (1) . Mutations in the phosphoglycerate kinase 1 gene (PGK1) result in an X-linked recessive disorder (MIM #311800) involving three tissues: red blood cells (RBC), the central nervous system (CNS), and muscles (2) . Variable symptoms have been observed, for example, chronic anemia, exercise-intolerant myopathy, muscle weakness, cramping, myalgia, myoglobinuria, and intellectual disability (3) .
Here, we report a rare patient with a PGK1 mutation associated with only CNS and muscular symptoms.
Case Report
A 16-year-old Japanese male patient with no family history of neuromuscular or blood-cell disorders was born uneventfully at 41 weeks of gestation, weighing 3,460 g. Since early infancy, his development was delayed: head control at 7 months, sitting at 13 months, crawling and standing with support at 17 months, and walking independently at 29 months of age. Hence, he was referred to our hospital. Neurological examination showed no finding of muscular involvement, and routine laboratory examinations revealed no abnormalities.
He suffered epileptic seizures starting at 20 months of age. By 35 months, he exhibited recurrent attacks, 2-3 times per month, of transient hemiplegia, with or without tonic stiffness of the unilateral extremity, and nystagmus occurring during sleep. These attacks alternated between the two sides of the extremities. Interictal electroencephalogram (EEG) showed only mild, diffuse, background abnormality. Combinatorial use of antiepileptic drugs has controlled the attacks since 6 years of age.
At 7 years, the patient was examined by the modified Binet Intelligence Scales test, revealing an intelligence quotient (IQ) of 30. Brain magnetic resonance imaging showed nonspecific, mild, cerebral and cerebellar atrophy.
At 16 years, the patient developed recurrent peculiar episodes, characterized by sudden, early morning onset of muscle weakness lasting 1-2 hours. There were no trigger events, such as exercise, before the episodes. During the episodes, he was unable to sit or stand and he had difficulty responding to our verbal commands. He had a dull facial appearance with ptosis. EEG taken during the episodes indicated a slight slowing of background activity, similar to that in periodic paralysis; however, levels of creatine kinase and electrolyte were unremarkable.
This study was performed in accordance with the declaration of Helsinki and was approved by the ethics committee of Tokyo Women's Medical University. After receiving informed consent, we obtained blood samples from the patient and his parents and extracted genomic DNA for sequence analysis. Next-generation Figure 1B) and was verified by Sanger sequencing (data not shown). The mother of the patient was confirmed as an obligate carrier. The affected codon was conserved among species ( Figure 1C) .
Routine laboratory test values from the proband did not indicate hemolysis: hemoglobin, 16.7 g/ dL; reticulocyte, 0.7%; total bilirubin, 0.2 mg/dL; haptoglobin, 180 mg/dL. However, the screening test for hemolytic anemia revealed RBC-PGK activity as 194 IU/gHb (normal range: 214-249 IU/gHb [mean ± SD]), suggesting slightly lower activity in this patient. In comparison with previously reported patients with PGK deficiency, the decreased level of PGK activity in this patient was not so severe (Table 1) . Unexpectedly, other enzymatic activities related to glycolysis were mildly increased (Table 3) . For clarity, these findings are depicted in a schematic representation of glycolysis ( Figure 1D ). From these results, we considered that mildly elevated activities of glycolytic enzymes other than PGK might suggest compensation for the decreased PGK activity in this patient.
Discussion
Generally, patients with PGK deficiency show clinical symptoms in any of three organs including RBC, muscles, and the CNS. Major symptoms are chronic sequencing (NGS) was performed using the TruSight One v1.0 sequencing panel (Illumina, San Diego, CA) (4). After annotation using GATK, 7390 variants were obtained. Those variants were filtered by Variant Studio software (Illumina) ( Figure 1A) . Next, synonymous variants, variants more than 1% in global population frequency, variants registered in the dsSNP database, and variants registered in the Human Genetic Variation Database (HGVD) (http://www.genome.med.kyoto-u. ac.jp/SnpDB), which is the database provided from Kyoto University in Japan (5), were removed. Finally, variants with de novo origin or inherited in accordance with a Mendelian inheritance trait were selected. anemia (followed by recurrent hemoglobinuria caused by rhabdomyolysis), intellectual disability, and seizures (1). In Table 1 , previously reported PGK1 mutations are summarized (1) (2) (3) . Some patients exhibited symptoms only in the CNS and the muscles, but not in the RBC (24) . In particular, a few patients showed neurological symptoms similar to those in the present patient, such as hemiplegic migraines (20, 27, 28) , although the details of the clinical manifestations appear to be different. Dysfunction of some glycolytic enzymes other than PGK impairs not only for RBC but also for the CNS (29, 30) . The CNS may not tolerate minor glycolysis dysfunction better than the RBC, because the CNS requires substantial energy compared to RBC. Usually, patients with anemia or myoglobinuria are suspected to exhibit PGK deficiency, and are referred for examination of PGK activities and PGK1 mutations. However, this patient had no clinical symptoms to suggest PGK deficiency; instead, he presented with neurological symptoms, mimicking alternating hemiplegia and later periodic paralysis. Episodes of dullness were considered the consequence of muscular involvement. Hence, this patient was referred for exome sequencing based on neurological impairments rather than for hemolytic anemia, one of the key symptoms of PGK deficiency. Therefore, similar patients with mildly impaired PGK activities, who show no sign of hemolysis and presenting only CNS and muscle symptoms, might be underdiagnosed.
Recently, a PGK heterozygous carrier mother was reported to show parkinsonism, although she showed normal PKG activity (31) . In the future, the disease characteristics associated with PGK1 mutations may expand as more patients with similar CNS symptoms are identified. On the other hand, this patient may still possess an unidentified etiology for his pathology. To confirm the association between mild reduction of PGK activity and neurological impairment, more patients need to be identified.
In this study, a new PGK1 variant was identified. This is the first case of a PGK1 variant discovery through next-generation sequencing.
